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Abstract
Direct Numerical Simulations (DNS) of ethylene/air diffusion flameextinctions in decaying twodimensional turbulence were performed. A Damköhler-number-based flame extinction criterion as provided by
classical large activation energy asymptotic (AEA) theory is assessed for its validity in predicting flame extinction
and compared to one based on Chemical Explosive Mode Analysis (CEMA) of the detailed chemistry. The DNS
code solves compressible flow conservation equations using high order finite difference and explicit time
integration schemes. The ethylene/air chemistry is simulated with a reduced mechanism that is generated based
on the directed relation graph (DRG) based methods along with stiffness removal. The numerical configuration is
an ethylene fuel strip embedded in ambient air and exposed to a prescribed decaying turbulent flow field. The
emphasis of this study is on the several flame extinction events observed in contrived parametric simulations. A
modified viscosity and changing pressure (MVCP) scheme was adopted in order to artificially manipulate the
probability of flame extinction. Using MVCP, pressure was changed from the baseline case of 1 atm to 0.1 and
10 atm. In the high pressure MVCP case, the simulated flame is extinction-free, whereas in the low pressure
MVCP case, the simulated flame features frequent extinction events and is close to global extinction. Results
show that, despite its relative simplicity and provided that the global flame activation temperature is correctly
calibrated, the AEA-based flame extinction criterion can accurately predict the simulated flame extinction
events. It is also found that the AEA-based criterion provides predictions of flame extinction that are consistent
with those provided by a CEMA-based criterion. This study supports the validity of a simple Damköhler-numberbased criterion to predict flame extinction in engineering-level CFD models.

Keywords
Flame extinction, Turbulent diffusion flame, , Direct numerical simulation, Chemical Explosive Mode Analysis,
Extinction criterion

1. Introduction
Flame extinction in non-premixed flames is a central subject of research in combustion science that has
important ramifications for engineering applications; whether the interest lies in power generation applications
or in fire safety. The seminal work of Liñán [1] has provided the mathematical foundations for the study of nonpremixed flame extinction in laminar counter-flow configurations. Several authors have since then extended the
extinction analysis to different non-premixed flame configurations [2], [3], [4], with various level of heat
losses [4], [5], and turbulent conditions [6]. Further references and descriptions are provided in the reviews by
Williams [7], [8]. These studies have shown that extinction can be explained by the concept of a critical value of
a Damköhler number, defined as the ratio of a characteristic mixing time divided by a characteristic chemical
time.
Direct Numerical Simulations (DNS) provide a valuable platform for the understanding of the physics of flames.
Several past DNS works and analysis using DNS data have focused on non-premixed flame extinction in various
environments [9], [10], [11], [12], [13], [14], [15], [16], [17]. Dependence of local extinction and reignition on the
overall mixing in CO/H2 non-premixed turbulent jet flames were studied using the onedimensional turbulence model by Hewson and Kerstein [9]. It was shown that the actual probability of

extinguished fluid (taken as local condition with temperature lower than 1000 K) is greater than the probability
that the critical extinction scalar dissipation rate, obtained from laminar steady-state flamelet consideration, is
exceeded. It was also concluded that the rate of reignition scales with the global mixing rate, as the mixing
increases the rate of heat transfer between stoichiometric regions. An extension of the flamelet model was
proposed by Pitsch et al. [10] to account for flame reignition, and compared with DNS data. The updated model
includes the transport terms along the stoichiometric iso-surface – which are usually neglected in the flamelet
approach – to account for the heat exchange between flamelets. The model assumed reignition by edge-flame
propagation along the stoichiometric iso-surface. Analysis on the S curve show that the addition of these extra
terms allows to predict flame reignition with satisfactory agreements with DNS data.
Sripakagorn et al. [11] performed DNS of 3D, non-premixed flame immersed in an isotropic, decaying turbulent
field to study the mechanisms of flame extinction and reignition. Single step chemistry and Lagrangian flame
element tracking technique were employed to examine the dynamics response of chosen flame elements with
turbulence. The observed extinction events were attributed to be principally caused by excessive heat losses for
local scalar dissipation rate exceeding values of extinction of steady state flames. Extinguished flame elements
were identified as those with stoichiometric temperature lower than that possible for a steady-state flamelet at
elevated scalar dissipation rate. Their results show that while the 1D flamelet model predicts extinction very
well, it does not predict most of the re-ignition events. Three different flame reignition scenarios were
identified, each involves different levels of neighboring flame interaction. The independent flamelet scenario
does not involve any interaction with the neighboring flame elements, while edge flame
propagation and engulfment scenarios involve strong interactions with the neighboring, either through
important lateral positive diffusion of heat from a hot neighboring stoichiometric region toward the cold region,
or heat transport to the cold region via turbulence motion, respectively.
Two dimensional DNS investigations of extinction and re-ignition were performed by Venugopal and
Abraham [13]. Their numerical configuration was that of a n-heptane laminar non-premixed flame at 40 bar
interacting with counter-rotating vortex pairs. Effects of unsteadiness and curvature on flame extinction and
reignition were explored. Using an irreversible single-step reaction model, they show that extinction are well
captured with 1D transient diffusion flamelet libraries that account for the time history of the scalar dissipation
rate, while reignition involves flame-flame interactions and is affected by the local flame topology. A local
Damköhler number was defined and extinction was identify when the Damköhler number reached 1. Analysis of
the extinction mechanisms has shown that the heat losses by convection along the direction normal to the
stoichiometric iso-surface is the dominant mode of heat losses followed by the diffusive heat losses along this
direction. Further analysis show that while extinction is a 1D phenomenon, the curvature has a significant effect
on the rate of increase of the stoichiometric scalar dissipation rate.
Lignell et al. [14] performed a parametric study of flame extinction and reignition in non-premixed ethylene/air
flames using a 3D DNS configuration with detailed chemistry similar to that of Hawkes et al. [12]. Varying
Damköhler number at fixed Reynolds was considered. They predicted that flames with increased level of
extinction have increased stoichiometric scalar dissipation rate and have shown that the probability density
function of the stoichiometric scalar dissipation rate is very close to that of a lognormal distribution, with
however some deviation from it at low and high scalar dissipation rate. A positive correlation between scalar
dissipation rates and flame curvature was exhibited, with extinction occurring preferentially in flame region with
the center of curvature being located in the fuel stream. Mechanisms for flame reignition were identified and
were very similar to that of [11], with the addition of flame reignition mechanism due to premixed
flames propagation. In contrast to the work of Sripakagorn, access to detailed flame structure allows to
distinguish between edge-flame propagation and premixed flames.

Past work by our group was focused on flame extinction diagnostics in different flame extinction configurations:
by convective cooling due to flame interactions with a cold wall [15], by thermal radiation losses due to high
soot loading [16], by evaporative cooling due to water-spray [17]. Narayanan et al. [18], have studied a
Damköhler-number-based flame extinction criterion using large activation energy asymptotic (AEA) analysis and
explored the extinction limits of laminar counter-flow diffusion flames as a function of flame stretch and radiant
losses due to soot and gas-phase species. A parametrization of this Damköhler number criterion was performed
in subsequent work for diffusion flame conditions with various levels of stretch, radiation losses, and air or fuel
vitiation [19]. These studies confirm the early concept of a critical value of a Damköhler number for flame
extinction; note, however, that they are limited to a global single-step representation of the combustion
chemistry.
The objectives of this present work are to perform DNS of non-premixed flame extinction resulting from
sustained high mixing intensities, and to study the applicability of the AEA-based critical Damköhler number
flame extinction criterion to turbulent-like flames described with detailed chemistry.
Different cases are simulated in order to achieve different combustion regimes: from extinction-free flames
under high Damköhler number conditions to flames with frequent extinction events under low Damköhler
number conditions. Changes in Damköhler number conditions are implemented using a modified viscosity and
changing pressure (MVCP) scheme: the MVCP scheme allows simulating cases with identical flow conditions and
flames that are weakened or strengthened at will. The simulated flames are first analyzed using the classical
AEA-based flame Damköhler number. Next, they are analyzed using a more elaborate flame Damköhler number
provided by a Chemical Explosive Mode Analysis (CEMA) [20]. The comparison between DNS, AEA, and CEMA
provides an evaluation of our ability to predict diffusion flame extinction under turbulent flow conditions.

2. Numerical methods
2.1. Navier–Stokes solver

The DNS solver employs an explicit 4th order Runge–Kutta (ERK) time integration scheme [21] and an 8th order
central finite-differencing scheme [22] for accurate integration of the compressible form of the Navier–Stokes
equations. Spatial filtering is performed using a purely-dissipative 10th order filter [22]. Boundary conditions are
treated using Navier–Stokes Characteristic Boundary Conditions (NSCBCs) described in Ref. [23]. Further
information and discussion on the governing equations and the boundary conditions can be found in
Refs. [15], [24], [17], [14] and references therein.
Transport properties are evaluated using a mixture averaged model, calculated from the transport libraries
provided by wrappers to the CHEMKIN package [25]. The code is highly modular, incorporating advanced multiphysics such as radiation [15], soot models [16], water droplet dynamics [17], that have previously been used.

2.2. Reduced chemical model

The detailed mechanism used was first proposed by Appel et al. [26]. It is a C2H4-air combustion model featuring
101 species and 542 elementary reactions. It includes growth of polycyclic aromatic hydrocarbons (PAH)
beyond benzene through the HACA mechanism up to pyrene (C16H10). The detailed mechanism is too large in
size and presents strong stiffness that precludes its use for DNS applications. The integrated approach presented
in Ref. [27] was employed to reduce the mechanism and remove any chemical stiffness, rendering it suitable to
DNS application. It is noted that the reduced mechanism with PAH chemistry was first developed for DNS of
sooting flames [28], [29], [30].
First, the method of DRG-aided sensitivity analysis was applied to eliminate unimportant species and reactions
from the detailed mechanism. A skeletal mechanism with 67 species and 342 reactions was obtained that

provided relatively accurate predictions (within 20% of those provided by the detailed mechanism) in ignition
delays, extinction times in perfectly stirred reactors (PSR), pyrene concentrations in PSR, and laminar premixed
flame speeds.
The domain of validity of the skeletal mechanism covered pressures between 0.1 and 10 atm, equivalence
ratios between 0.5 and 2.0, and initial temperatures above 1000 K for ignition. Linearized quasi steady
state approximations (LQSSA) were subsequently applied to seven species, namely CH, CH2, CH2 , CH2OH, CH3O,
C2H, n-C6H5, which were identified to be in quasi steady state (QSS) for all the investigated conditions using a
criterion based on computational singular perturbation [27].
A 56 step reduced mechanism was then obtained with the QSS species concentrations solved analytically [31].
Finally, dynamical stiffness removal [27] was applied on the mechanism to eliminate chemical time scales
shorter than 10 ns. This cutoff time step value is comparable to the limit imposed by the Courant–Friedrichs–
Lewy (CFL) condition in our compressible flow simulations, where a typical time step Δt = 7 ns is adopted. The
final reduced mechanism contains 60 species.
Figure 1 shows the validation of the skeletal and the reduced mechanisms compared with the detailed (original)
model for auto-ignition (Fig. 1a), extinction PSR (Fig. 1b), in a 1D counter flow non-premixed flame with ethylene
(Fig. 1c), and 1D laminar premixed flames (Fig. 1d), respectively.

Fig. 1. Comparison of the 67-species skeletal mechanism and 60-species reduced mechanism with the detailed
mechanism for (a) ignition delay, (b) extinction temperature profiles in PSR, (c) temperature and species profiles
in a counter flow non-premixed flame with ethylene (x = 0) and air (x = 1 cm), and (d) 1D laminar premixed
flame speed for stoichiometric ethylene–air at STP.

2.3. Problem configuration

Our goal is to numerically simulate diffusion flame extinction and to evaluate the AEA-based Damköhler
number flame extinction criterion. Since the dynamics of the turbulence are not of interest but only their stirring
and flame wrinkling effects, a 2D configuration is adopted a cost-effective framework for the present
investigation. While the flame-flow interactions are different in 2D and 3D, the present 2D approach is justified
by the assumption that the extinction dynamics are controlled by the same time-scale-ratio argument and
described by the same Damköhler number criterion. Moreover, past findings by Sripakagorn et al. [11], and

Venugopal and Abraham [13] indicate that flame extinction, in contrast with flame reignition, is inherently a 1D
phenomenon.
For the three pressure cases considered, the numerical configuration is that of a temporally evolving diffusion
flame initially immersed in a decaying turbulent field. Each flame initial condition corresponds to that of a 1D
laminar diffusion flame with an imposed moderate stoichiometric scalar dissipation rate of about 7s-1±20%. The
fuel stream is pure ethylene and the oxidizer stream is air. The stoichiometric scalar dissipation rate,
denoted χst, is defined as:

(1) 𝜒𝜒𝑠𝑠𝑠𝑠 = 2𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∥ 𝛻𝛻𝛻𝛻 ∥2𝑍𝑍=𝑍𝑍𝑠𝑠𝑠𝑠 ,

where Z is the mixture fraction, calculated using Bilger’s formula presented in Ref. [32], αmixture is the mixture
local thermal diffusivity, the subscript st denotes conditions at stoichiometry. This value is far from 𝜒𝜒𝑠𝑠𝑠𝑠 at
extinction predicted by laminar counterflow flame simulations at 1 and 10 atm, which are 95.5 and 465 s-1,
respectively. But it is close to extinction at 0.1 atm: predicted value is 12.5 s−1 . See Table 1.
Table 1. Stoichiometric scalar dissipation rate and temperature predicted at extinction conditions for the
pressures considered. The corresponding activation temperature, Ta, is also tabulated. Ta has been calculated
from the values of the laminar flame speed of simulated premixed flames at the pressures considered with the
modified viscosity approach.
P (atm) χq,ref (s−1) Tq,ref (K) Ta (K)
0.1
12.5
1475
12,292
1
95.5
1591
18,692
10
465
1780
19,250

The initial temperature and species fields were initialized by first mapping the physical space with a 1D mixture
fraction profile. This profile of mixture fraction was generated with the following expression:
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This expression corresponds to the exact solution of the problem of a fuel strip of width b diffusing in a
quiescent environment. The slope of the mixture fraction profile at the stoichiometric point was adjusted by
choosing the parameters 𝜎𝜎 and 𝑏𝑏 such that the scalar dissipation rate takes the desired value. The width of the
fuel strip, defined as the initial distance between the two stoichiometric points 𝑍𝑍𝑠𝑠𝑠𝑠 = 0.064, was 0.8 cm. As a
result of these modeling choice, the peak mixture fraction value was 0.75 and not 1. However, this bears little
importance in this work’s conclusions. Figure 2 plots this mixture fraction profile.

Fig. 2. Initial mixture fraction profile along the x axis. The total x-domain length is 2.4 cm. The slope of the profile
was adjusted so that at location of stoichiometry, the value of the scalar dissipation rate is 𝜒𝜒𝑠𝑠𝑠𝑠 = 7 s−1.
Temperature and species fields were initialized using a flamelet solution generated in a counter-flow
configuration with a matching value of 𝜒𝜒𝑠𝑠𝑠𝑠 . The flamelet was generated with OPPDIF [33] using the same
chemical kinetics mechanism. The initial flame profile was immersed into an isotropic, homogeneous 2D
turbulent flow field generated with the Passot–Pouquet energy spectrum [34]:
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The RMS fluctuating velocity, 𝑢𝑢′ , was set to 8 m/s while the mean velocity was set to 0. The size of the most
energetic eddies was set to 1 mm. The integral length scale and the Kolmogorov length scale were equal to
0.34 mm and 14 μm, respectively. The eddy turn-over time was 40 μs and the initial turbulent Reynolds
number, ReT, was equal to 173.
The same turbulent parameters were used for all cases. In order to minimize the interactions between the
turbulent flow and the boundaries of the computational domain, the turbulent field was spatially filtered within
→

5 mm near each 𝑥𝑥 boundary at initialization. This limited any artificial pressure disturbance that may occur when
a vortex leaves the computational domain during the time of the computation.
→

The rectangular, two-dimensional computational domain was 2.4 cm long in the 𝑥𝑥 direction and 1.4 cm wide in
→

the 𝑦𝑦 direction. A uniform, Cartesian mesh was used with a grid spacing of 8 μm. This value represents the
minimum grid resolution required to accurately resolve the flames structure near strain-induced extinction for
all the pressures considered in the present study (see Fig. 3, Fig. 4). This value was determined using OPPDIF, by
simulating a steady-state counter-flow diffusion flame near strain-induced extinction conditions and using the
modified viscosity and species diffusivity approach described in Section 2.4. Species reaction profiles were
investigated for various grid spacings. The grid spacing was chosen so that the distance between successive
peaks in the reactions rate profiles was resolved by approximately 10 equally-spaced points. Fig. 3, Fig. 4 show
the reaction rate profiles of selected species at 10 atm as the representative results for grid resolution study.
The desired level of resolution is achieved only for grid spacing values less than 10 μm. Similar tests were
performed at 0.1 atm and 1 atm and 8 μm grid spacing was found to be sufficient.

Fig. 3. Profiles of reaction rate of HCCO for a counter-flow diffusion flamenear strain-induced extinction
conditions simulated with OPPDIF using uniform meshes with different grid spacing. Modifications of transport
coefficients as describes in Section 2.4 was employed. Grid spacings considered: 32, 16, 8, and 4 μm. Pressure is
10 atm. The distance between the two peaks in the reaction rate is approximately 100 μm.

Fig. 4. Profiles of reaction rate of CH3O and C4H5 for a counter-flowdiffusion flame near strain-induced extinction
conditions simulated with OPPDIF using uniform meshes with different grid spacing. Modifications of transport
coefficients as describes in Section 2.4 was employed. Grid spacings considered: 16 and 8 μm. Pressure is
10 atm. The minimum distance between peaks in the reaction rate profiles is approximately 100 μm.
The total number of grid point was 5,250,000: 3000 points in the x-direction, 1750 points in the y-direction. The
workload was shared by 2100 cores using the National Energy Research Scientific Computingcenter (NERSC) Cray
XE6 “Hopper” and the now-retired Cray XT4 “Franklin”. The time step was chosen depending on the pressure
and based on CFL considerations. At P = 0.1 atm, the time step was set to 10 ns; at atmospheric pressure, it was

set to 7.2 ns; and at P = 10 atm, the time step was set to 5 ns. Each simulation represents about 200,000 CPU
hours.

2.4. The modified viscosity and changing pressure (MVCP) scheme

The pressure was manipulated in order to achieve different combustion regimes: higher pressures strengthen
the flame and decrease the occurrence of flame extinction, while lower pressures weaken the flame and
increase the occurrence of flame extinction. Thus, changing pressure provides a simple control on the
combustion strength and thereby allows testing the AEA-based flame extinction criterion. The same
configuration was considered at 0.1, 1, and 10 atm. As the focus of this work is the chemical kinetic response of
the flame under aerodynamic strain, it is desired to keep the turbulence characteristics (turbulent Reynolds
number, turbulent kinetic energy, integral length scale, eddy turn-over time, Kolmogorov length scale)
independent of pressure. Turbulent flow characteristics at 1 atm were established as reference.
The Kolmogorov theory states that the dynamics of the turbulence are controlled by the large scales and by
the kinematic viscosity 𝜈𝜈. If the large scales properties are kept identical for all cases, then in order to obtain the
𝜇𝜇
same turbulent flow dynamics, 𝜈𝜈 must be kept independent of pressure. Now 𝜈𝜈 = , where 𝜌𝜌 is the mass
density of the fluid, and consideration of the ideal gas law gives:

𝜌𝜌

1

(4) 𝜈𝜈 ∼ .
𝑃𝑃

In order to keep the kinematic viscosity independent of pressure, the dynamic viscosity μ of the fluid has to vary
linearly with pressure:

(5) 𝜇𝜇 = 𝜇𝜇0 𝑃𝑃.

This allows identical turbulent evolution when the same initial conditions are applied to the system regardless of
the pressure considered.

All molecular transport properties were scaled accordingly and the mixture conductivity and the species
diffusivity were adjusted so that the Prandtl, Lewis, and Schmidt numbers were unaffected by the modification
of the dynamic viscosity. This provides a unique and consistent configuration for which only the chemical source
terms were affected by changes in pressure but not the flow field. In conclusion, we use in the present study a
modified viscosity and changing pressure (MVCP) scheme that provides convenient but artificial control on the
flame-flow coupling and the Damköhler number conditions. It is worth emphasizing that while the MVCP
scheme uses changes in pressure, it also uses a modified viscosity model and the DNS simulations are therefore
not representative of real pressure effects.

3. Results
3.1. Verification of MVCP scheme

The present MVCP scheme has been verified by comparing the flame shape and the statistical distribution of the
scalar dissipation ratebetween the different pressure cases. This comparison was performed in simulations using
the detailed chemistry model presented in Section 2.2as well as in simulations using a single step chemistry
model adopted in earlier work [15]. The computationally cheaper single-step chemistry was first used in lieu of
the detailed chemistry in order to verify that the turbulent flow field kept the same characteristics (i.e. turbulent
Reynolds number, turbulent kinetic energy, integral length scale, eddy turn-over time, Kolmogorov length scale)
regardless of the pressure.

For the sake of illustration, the temperature fields obtained with this single step chemistry model at 0.5 ms at 1
and 10 atm are presented in Fig. 5. Figure 6 plots the corresponding scalar dissipation rate 𝜒𝜒 at 𝑍𝑍 = 𝑍𝑍𝑠𝑠𝑠𝑠 at
0.5 ms. The distributions are nearly identical. The mean, maximum, minimum values, and standard deviation of
the scalar dissipation rate are similar for these two pressures; at P = 1 atm, the mean χst is 26.4 s−1 and the
standard deviation is 34.7 s−1; at P = 10 atm, the mean χst is 26.7 s−1 and the standard deviation is 32.6 s−1. Some
small differences are nevertheless observed. These are mostly due to the slight changes in temperature
observed with different pressure, which lead to slight modification of the viscosity and diffusivity and thereby
modify the gradients.

Fig. 5. Instantaneous temperature fields at 0.5 ms for cases at 1 atm and 10 atm. For the case at 10 atm, the
viscosity was modified to keep the turbulence identical to that in the 1 atm case. A single step chemistry model
was used here to simulate both flames. The solid black line indicates the flame stoichiometric isocontour.

Fig. 6. Probability density distribution of instantaneous stoichiometric scalar dissipation rates χst predicted at
1 atm (left) and 10 atm (right), 0.5 ms after initialization. A single step chemistry model was used here for both
simulations.
The effects of modified viscosity on flame chemistry were investigated by simulating a laminar pure
ethylene/air counterflow diffusion flamewith OPPDIF at 10 atm. Figure 7 compares the predicted temperature
spatial profiles and the flamelet profiles of temperature, radical H, radical OH, CO, and CO2 with and without the
modified viscosity approach, respectively. The stoichiometric scalar dissipation rate was kept constant. Effects of
change in viscosity (and species diffusivity in order to keep the Lewis, Schmidt numbers invariant under this
transformation) show that as expected: the profile of temperature is broadened with changed of viscosity at
high pressure, while the species profiles are invariant with this change.

Fig. 7. Predicted temperature profiles and flamelet profiles in an ethylene–air counterflow diffusion flame with
OPPDIF at 10 atm. Comparison between solutions predicted with and without the modified viscosity is shown.
Figure 8 presents another verification test. The temporal evolution of the volume integrated turbulent kinetic
energy is plotted for the three pressures considered using the reduced multi-species chemical model. All the
simulations start with the same level of turbulent kinetic energy in the domain. This plot shows that the initial
decay of the turbulent kinetic energy is similar in all the cases. Some differences arise in the later stages of the
simulations due to the different flame responses to the aerodynamic strain: some extinction and re-ignition
events are observed at lower pressure, but none at high pressure; and due to the differences in flame
temperature: peak flame temperature increases with pressure.

Fig. 8. Temporal evolution of the volume-integrated turbulent kinetic energy (TKE), ∫D12u′2+v′2dxdy in
simulations at 0.1, 1, and 10 atm.

3.2. Flame evolution

Fig. 9, Fig. 10, Fig. 11 plot the instantaneous temperature field at various times in the simulations,
from initialization to the end of the simulation, set at 1 ms. The pressure in Fig. 9 is 1 atm, whereas it is 10 atm
in Fig. 10, and 0.1 atm in Fig. 11. As a result of the modified viscosity approach, the temporal evolution of the
flame is similar for both pressures. Interactions between the flame and the flow field can be readily observed.
The flame is not uniformly affected by the turbulence; some parts of the flame are being stretched with more
intensity than others. An extinction event can be seen in Fig. 9, occurring between 0.3 ms and 0.55 ms, in the
lower left quadrant of the computational domain, near x = −0.4 cm and y = 0.5 cm. An dash-dot ellipse in the
figure indicates the location of the extinction. The extinguished flame reignites afterward. While the flame is

subjected to similar strain rate at 10 atm, Fig. 10 does not show any discontinuity in the temperature field. This
reflects the absence of extinction at higher pressure. Also, more extinction events are observed at 0.1 atm than
at 1.0 atm. Using the AEA-based Damköhler number extinction criterion (presented in more details below in
Section 4.1), about 7 extinction events are predicted at 0.1 atm, while only 2 are predicted at 1 atm, and none at
10 atm.

Fig. 9. Instantaneous temperature fields predicted at 1 atm. The progressive wrinkling of the flame is observable
as time elapses. Notice the extinction event at 0.55 ms made visible as a region of lower temperatures, as
indicated by the dash-dot ellipse.

Fig. 10. Instantaneous temperature fields predicted at 10 atm. The progressive wrinkling of the flame is
observable as time elapses. Unlike the case at 1 atm, no extinction is predicted.

Fig. 11. Instantaneous temperature fields predicted at 0.1 atm. The progressive wrinkling of the flame is
observable as time elapses. Several extinction events are predicted.
While the effects of pressure on the turbulence dynamics have been eliminated by manipulating the flow
viscosity, pressure effects on the chemistry are still present, as indicated by Fig. 12. Figure 12 plots the temporal
evolution of the volume integrated heat release rate for the three pressures considered. A factor of about 10
exists between the three curves and as expected, the heat release rate increases with pressure; more
precisely, Fig. 12 suggests that the heat release rate scales linearly with pressure.

Fig. 12. Temporal evolution of the volume-integrated heat release rate for the three pressure cases considered.
The effects of flow turbulence on the flame are characterized by the value of scalar dissipation rate on the
stoichiometric line, 𝜒𝜒𝑠𝑠𝑠𝑠 . Figure 13 plots the conditional mean of the scalar dissipation rate 𝜒𝜒𝑠𝑠𝑠𝑠 and its standard
deviation for the three pressures. All cases have similar evolution. Starting from an initial value of about 7 s−1,
the mean χst quickly reaches a plateau at values near 15 s−1, and remains nearly constant for the first 0.2 ms of
the simulation before undergoing a rapid increase, and peaking at approximately 0.4 ms. A slow decrease is
observed past the peak. This slow decrease is related to the decrease of the TKE presented in Fig. 8, which

reflects the turbulence decay in this configuration where production mechanisms of turbulence are not present.
The standard deviation of 𝜒𝜒𝑠𝑠𝑠𝑠 follows a similar trend, peaking at the same time as the peak of mean 𝜒𝜒𝑠𝑠𝑠𝑠 . The
predicted standard deviation of 𝜒𝜒𝑠𝑠𝑠𝑠 is generally greater than the mean value of 𝜒𝜒𝑠𝑠𝑠𝑠 . This indicates large
variations of local flame stretch, and the potential for extinction events. It is important to note that the exact
shape of the curves in Fig. 13 depends on the turbulent initial conditions. It is interesting to note that during the
later stage of the simulations values of 𝜒𝜒𝑠𝑠𝑠𝑠 are slightly different, with higher 𝜒𝜒𝑠𝑠𝑠𝑠 values at lower pressure. This is
interpreted as the effect of pressure and temperature on the mixing: the stoichiometric temperature increases
with pressure.

Fig. 13. Temporal evolution of the conditional mean (left) and standard deviation (right) of the stoichiometric
scalar dissipation rate at Z = Zst for the three pressure cases considered: 0.1, 1, and 10 atm.

3.3. Effects of the modified viscosity approach on flame properties

Flame extinction characteristics are needed to apply the AEA-based-Damköhler flame extinction diagnostic
presented below in Section 4.1. These are namely the stoichiometric scalar dissipation rate, denoted 𝜒𝜒𝑞𝑞,𝑟𝑟𝑟𝑟𝑟𝑟 , and
the stoichiometric flame temperature, 𝑇𝑇𝑞𝑞,𝑟𝑟𝑟𝑟𝑟𝑟 . Table 1 tabulates these two quantities. These quantities have
been obtained from OPPDIF simulations of steady state counter-flow diffusion flames near strain-induced
extinction using the aforementioned detailed chemistry model and the modified viscosity
approach. 𝑇𝑇𝑞𝑞,𝑟𝑟𝑟𝑟𝑟𝑟 and 𝜒𝜒𝑞𝑞,𝑟𝑟𝑟𝑟𝑟𝑟 have been calculated for each pressure of interest. At low pressure
(P = 0.1 atm), 𝜒𝜒𝑞𝑞,𝑟𝑟𝑟𝑟𝑟𝑟 is 12.5 s−1. 𝜒𝜒𝑞𝑞,𝑟𝑟𝑟𝑟𝑟𝑟 is 95.5 s−1 at atmospheric pressure and increases to 465 s−1 at 10 atm.

4. Discussion

4.1. AEA-based flame extinction criterion

It is known that for diffusion flames large values of the local flame stretch can lead to
aerodynamic quenching [35], [1], [6]. In turbulent diffusion flames, a useful indication of the local flame stretch
is given by the scalar dissipation rate at stoichiometry. The scalar dissipation rate may be interpreted as the
inverse of a characteristic transport time. In laminar flame theory, this characteristic transport time is compared
to a characteristic chemical time through a Damköhler number. In brief, sub-critical burning conditions are
observed in diffusion flames when chemistry is fast, i.e. when the characteristic times associated with transport
phenomena are larger than the characteristic times associated with chemistry. Similarly, super-critical extinction
conditions are observed in diffusion flames when chemistry is slow, i.e. when the characteristic times associated
with transport phenomena are shorter than the characteristic times associated with chemistry.
Previous works on extinction limits of laminar counter-flow diffusion flames using DNS [15], [16] and
AEA [18], [19] have illustrated the pertinence of a Damköhler-number based flame extinction criterion. In these
studies, the transport times scale like (1/𝜒𝜒𝑠𝑠𝑠𝑠 ) and the chemical times scale like exp(𝑇𝑇𝑎𝑎 ⁄𝑇𝑇𝑠𝑠𝑠𝑠 ), where 𝑇𝑇𝑎𝑎 is

an activation temperature (a quantity that gives a measure of the sensitivity of the combustion chemistry to
changes in temperature) and 𝑇𝑇𝑠𝑠𝑠𝑠 is the flame temperature. One can write the Damköhler number as:

(6) 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐶𝐶

(1⁄𝜒𝜒𝑠𝑠𝑠𝑠 )

exp(𝑇𝑇𝑎𝑎 ⁄𝑇𝑇𝑠𝑠𝑠𝑠 )

= 𝐶𝐶

exp(−𝑇𝑇𝑎𝑎 /𝑇𝑇𝑠𝑠𝑠𝑠 )
𝜒𝜒𝑠𝑠𝑠𝑠

,

where C is a weak function of several flame parameters and is treated here as a constant.
Since 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 is dimensionless, C has the dimension of inverse time. The AEA analysis of Refs. [18], [19] considers
laminar flame extinction due to stretch, cooling, and reactant dilution, and shows that all extinction events
correspond to low values of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 and that extinction occurs for a critical value 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴,𝑐𝑐 ≃ 1. The parameter Cin
Eq. (6) can therefore be obtained from the knowledge of flame stretch and flame temperature under reference
extinction conditions identified by the subscript 𝑞𝑞,𝑟𝑟𝑟𝑟𝑟𝑟:

(7) 𝐶𝐶 = 𝜒𝜒𝑞𝑞,𝑟𝑟𝑟𝑟𝑟𝑟 exp �

𝑇𝑇𝑎𝑎

𝑇𝑇𝑞𝑞,𝑟𝑟𝑟𝑟𝑟𝑟

�.

Equation (6) can then be rewritten as:

(8) 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 =

𝜒𝜒𝑞𝑞,𝑟𝑟𝑟𝑟𝑟𝑟
𝜒𝜒𝑠𝑠𝑠𝑠

exp �𝑇𝑇𝑎𝑎 �

1

𝑇𝑇𝑞𝑞,𝑟𝑟𝑟𝑟𝑟𝑟

−

1

𝑇𝑇𝑠𝑠𝑠𝑠

�� .

Reference extinction conditions were obtained for the three pressures considered by performing OPPDIF
simulations of a counter-flow laminar diffusion flame near its extinction limit [33]. The laminar flame simulations
used the same detailed chemistry model as that used in the DNS. The modified viscosity approach was also
applied. Table 1tabulates the values of 𝜒𝜒𝑞𝑞,𝑟𝑟𝑟𝑟𝑟𝑟 ,𝑇𝑇𝑞𝑞,𝑟𝑟𝑟𝑟𝑟𝑟 , and 𝑇𝑇𝑎𝑎 for the different pressures considered. We present
in the next section the approach used to calculate the activation temperature 𝑇𝑇𝑎𝑎 .

4.2. The activation temperature used in the definition of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴

The definition of the AEA-based Damköhler number 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 uses an activation temperature, 𝑇𝑇𝑎𝑎 , that provides a
measure of the sensitivity of the combustion chemistry to changes in temperatures. Values of 𝑇𝑇𝑎𝑎 were obtained
following the methodology presented by Sun et al. [36].

The overall activation energy was determined from a series of laminar premixed flame calculations
corresponding to stoichiometric ethylene-oxygen–nitrogen mixtures with different levels of nitrogen dilution.
The laminar mass burning rate, 𝑓𝑓°, of a premixed flame is a function of the adiabatic flame temperature, 𝑇𝑇𝑎𝑎𝑎𝑎 ,
and activation temperature, 𝑇𝑇𝑎𝑎 , through:

(9) 𝑓𝑓° ∼ exp(−𝑇𝑇𝑎𝑎 /2𝑇𝑇𝑎𝑎𝑎𝑎 ).

Following Sun et al. [36], 𝑇𝑇𝑎𝑎𝑎𝑎 can be extracted by calculating the logarithmic derivative of 𝑓𝑓° with respect to the
inverse of 𝑇𝑇𝑎𝑎𝑎𝑎 :

(10) 𝑇𝑇𝑎𝑎 = −2

𝜕𝜕ln(𝑓𝑓°)

𝜕𝜕(1/𝑇𝑇𝑎𝑎𝑎𝑎 )

.

The laminar mass burning rate, 𝑓𝑓°, and the associated adiabatic flame temperature, 𝑇𝑇𝑎𝑎𝑎𝑎 , were computed for a
freely propagating adiabatic flame using PREMIX from the CHEMKIN package [25]. The nitrogen mole
fraction was varied from 𝑋𝑋𝑁𝑁2 = 0.729 to 0.745. Figure 14 illustrates the change in the temperature profile
across the flame when changing the level of nitrogen dilution at 1 atm. Values of 𝑇𝑇𝑎𝑎 were calculated using
Eq. (10) at the pressures sought. They are reported in Table 1. Note that all the calculations were performed
with PREMIX using the modified viscosity and species diffusion approach presented in Section 2.4.

Fig. 14. Temperature profiles of freely propagating, adiabatic stoichiometric ethylene/oxygen premixed flames,
with different levels of nitrogen dilution. Pressure is set at 1 atm. Simulations were performed using PREMIX.
In order to illustrate the performance of the extinction diagnostic on flames that departs from the reference
case used for calibration, i.e. flame with pure fuel in the fuel stream and air in the oxidizer stream, several
extinction limits of diluted ethylene-nitrogen/oxygen–nitrogen laminar counterflow diffusion flames were
calculated using OPPDIF [33]at 1 atm. Extinction limits were reached by first calculating a steady state flame far
from extinction and then using the previous converged solution as initial solution for the same case but with
increased reactants velocity, i.e. increased strain rate. The extinction characteristics were taken from the last
converged burning solution for which an increase of reactant stream velocity by no more than 5% leads to a
non-burning solution. The fuel stream was a mixture of ethylene and nitrogen. Figure 15 plots the results of
these simulations. Flames with diluted fuel stream were sorted in three batches. The first batch corresponds to
flames with diluted fuel burning into air. A decrease of fuel mass fraction leads to an increase of the value of
stoichiometric mixture fraction 𝑍𝑍𝑠𝑠𝑠𝑠 . These flames are plotted with circle symbols. The second batch of flames
was obtained by holding constant the adiabatic flame temperature 𝑇𝑇𝑎𝑎𝑎𝑎 and diluting the fuel and the oxidizer
stream accordingly. Triangle symbols are used for this batch. The third batch of simulated flames was generated
holding constant the flame stoichiometric mixture fraction 𝑍𝑍𝑠𝑠𝑠𝑠 and diluting the fuel stream and oxidizer stream
accordingly. The data are plotted using square symbols. A maximum of fuel dilution of 50% was considered. The
case corresponding to pure fuel reacting in air is taken as reference for the three data batches.

Fig. 15. Calculated Da (a) and effective activation temperature Ta (b), at the high strain rate extinction limit of
laminar counterflow diffusion flameswith different levels of fuel and oxygen dilution plotted against the mass
fraction of fuel from the fuel stream. The pressure is set at 1 atm. Da near extinction is calculated using Table
1 values. Ta near extinction is calculated assuming Da = 1 for a given extinction realization.
Figure 15a plots the calculated 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 for these flames using the values of Table 1. It is found that in this
particular series of test calculations, 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 takes values between 0.3 and 2.2. These results suggest that the
extinction criterion presented in Eq. (8) is approximate and that deviations of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 by an order of magnitude
may be expected. This approximate criterion is still valuable because as shown below, the flame Damköhler
number during an extinction event varies by several orders of magnitude.
The same data can be used to calculate an effective global activation temperature 𝑇𝑇𝑎𝑎 for each individual case.
Using the same constant C as that of the reference flame and assuming the equality 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 = 1 at extinction,
then from Eq. (6), 𝑇𝑇𝑎𝑎 can be calculated from the extinction data. Figure 15b plots the value of 𝑇𝑇𝑎𝑎 obtained.
Similar behavior to that of Fig. 15a is observed.

It is found that in this particular series of test calculations, the apparent activation temperature 𝑇𝑇𝑎𝑎 takes values
between 16,870 K and 19,780 K. These variations are moderate and suggest that the method to
evaluate 𝑇𝑇𝑎𝑎 presented in Eq. (10) is suitable.

4.3. DNS evolution of the AEA-based flame extinction criterion

Values of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 have been calculated using Eq. (8) for the three pressure cases. Figure 16 plots selected
instantaneous snapshots of the spatial variations of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 along the isocontour of stoichiometric mixture
fraction 𝑍𝑍 = 𝑍𝑍𝑠𝑠𝑠𝑠 , for P = 1 atm. Large values of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 correspond to near-equilibrium chemistry and are
referred to here as sub-critical conditions, while values of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 below 1 correspond to conditions at or beyond
extinction and are referred to here as super-critical conditions. The flame weakest points are defined as local
minimum values of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 . Extinction events are defined as locations where 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 < 1. Figure 16 shows the
dynamics of an extinction event that starts at 0.25 ms and lasts until approximately 0.7 ms. This event features
extremely low values of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 at 0.305 ms and 0.405 ms. These low values are the result of high gradients and
intense mixing conditions. This extinction event is shown in Fig. 9.

Fig. 16. Spatial variations of the Damköhler number defined by Eq. (8)along the stoichiometric line at 0.25 ms,
0.305 ms, 0.405 ms, and 0.65 ms. Extinction is observed for local conditions where 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 < 1. An ongoing
extinction event takes place between 0.25 ms and 0.65 ms at arclength between 0 and 1 cm. Pressure is 1 atm.
The dash-dotted line indicates 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 = 1.

The difference in flame extinction behavior when changing pressure is illustrated in Fig. 17. This plot presents
the temporal evolution of the conditional mean Damköhler number computed using Eq. (8) and its
associated coefficient of variation, defined as the ratio of the standard deviation with the mean, for the three
pressures considered. The statistics are calculated along the stoichiometric isocontour. Figure 17shows that high
pressure is associated with high values of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 , which indicates a globally stronger flame than that at 0.1 atm.
It is interesting to note that there exists a factor of about 10 between each curve, thereby suggesting
that 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 varies linearly with pressure. The coefficient of variation shows that during most of the simulation
the standard deviation of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 is of the same order as the mean 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 , which indicates the propensity for
local extinction events. In the early stage of the simulation (0–0.3 ms), the coefficient of variation at 0.1 atm is
greater than one and bounds the coefficient of variation of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 at 1 and 10 atm.

Fig. 17. Temporal evolution of Damköhler number conditional means and their coefficient of variation (standard
deviation divided by the mean) for the three pressures considered: 0.1, 1, 10 atm. The Damköhler number has
been calculated using Eq. (8) and has been averaged along the stoichiometric isocontour.
In order to push the analysis further, the variation of the local flame structure with varying 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 has been
→

analyzed. First we introduce our flame-based diagnostic. The vector 𝑛𝑛 = 𝛻𝛻𝛻𝛻 ∣𝑠𝑠𝑠𝑠 /∥ 𝛻𝛻𝛻𝛻 ∣𝑠𝑠𝑠𝑠 ∥ defines a local unit
vector normal to the stoichiometric isocontour. At each location along the flame contour, the DNS solution is
→

explored along the 𝑛𝑛 direction and the peak value of selected radical species is recorded. Figure 18 illustrates
our methodology. The size of the investigation window was set to 1 mm. This distance was shortened in case of
non-monotonous mixture fraction variations to avoid merging effects due to the proximity of other flame fronts.

Fig. 18. Methodology to find the local peak value of radicals (OH, H, O, etc.) along the flame surface contour. The
solid black line indicates the location of stoichiometry, the gray area represents locations of substantial OH.
→
Maximum values of selected radicals are sought along the direction 𝑛𝑛 normal to the line of stoichiometry. The
distance of investigation is l(typically less than 1 mm) and both fuel and oxidizer sides are considered.
In the following, the local peak value of the radicals OH, H, and O is used to characterize the combustion
intensity while the Damköhler number 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 (measured on the stoichiometric contour) is used to identify the
flame weakest points and the presence of extinction events. Figure 19 presents our post-processing
methodology and shows how the flame weakest points are tracked in time. At a time 𝑡𝑡𝑖𝑖 , the Damköhler
number 𝐷𝐷𝑎𝑎𝐴𝐴𝐴𝐴𝐴𝐴 is calculated on the flame contour, identified as the location of stoichiometric condition. The
local minima of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 are interpreted as the flame weakest points. Peak values of radicals OH (noted 𝑌𝑌𝑂𝑂𝑂𝑂,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ),
H, and O at the flame weakest points are identified using the methodology illustrated in Fig. 18. Finally the
values of (𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 ,𝑌𝑌𝑂𝑂𝑂𝑂,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ) are plotted together. The process is then repeated.

Fig. 19. Sketch representing the analysis of the flame weakest points. First, at a given time ti, the Damköhler
number 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 is calculated on the flame contour 𝑍𝑍 = 𝑍𝑍𝑠𝑠𝑠𝑠 (a). The local minima of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 are interpreted as the
flame weakest points (b). The methodology presented in Fig. 18 is then applied to identify the peak values of

radicals OH (noted 𝑌𝑌OH,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ), H and O at the flame weakest points (c). The values of 𝑌𝑌OH,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 at the
flame weakest points are then plotted together and the process is repeated at subsequent times (d).
In Fig. 19(d), Da 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 AEA provides a measure of the strength of flame elements while peak values of radical
mass fraction provide a measure of their chemical activity. Whether these quantities are well correlated
provides a simple test to evaluate the validity of the AEA-based Damköhler number concept for flame extinction
predictions.
Figure 20 plots the temporal evolution of the peak values of OH, H, and O mass fraction at the flame weakest
points as a function of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 . Figure 20 (d) also shows the reaction rate of the elementary reaction
H2 + O → OH + H against the associated 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 ; value of this reaction activation temperature was taken from
Law [35]. Each point corresponds to a single time (as explained in Fig. 19) and values were extracted at 0.1 atm,
1.0 atm, and 10 atm. For the 0.1 atm case, 7 different extinction events were observed; 2 for the 1.0 atm case;
and none for the 10 atm. For OH, H, and O, a similar qualitative behavior (with some quantitative deviation), is
observed regardless of the pressure considered. All plots show a sharp decrease of radical levels with a decrease
in 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 between approximately 0.1 and 10. While profiles of H and O present some significant scatter, the
profile of OH shows the least sensitivity to a change in pressure.

Fig. 20. Analysis of the flame weakening events observed in simulations at 0.1, 1, and 10 atm. Peak value of OH
(a), H (b), O (c) mass fraction and H2 + O → OH + H reaction rate (d) as a function of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 at the flame weakest
points. This figure has been generated following the methodology presented in Fig. 19.
Among all the radicals presents in this ethylene–air flame, the radical OH is perhaps the most important. Figure
20 shows that regardless of the pressure, a common trend is observed in the evolution of the peak value
of 𝑌𝑌OH with 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 . Three regimes exist. The first regime corresponds to burning conditions observed at large
values of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 , typically greater than 10. In this region, a change in 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 does not affect significantly the
values of 𝑌𝑌OH . A transition region exists for 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 between 10 and 0.1. In this region, a decrease of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 leads
to a strong decrease of 𝑌𝑌OH . This is interpreted as the sign of a dramatic weakening of the flame. For values
of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 less than 0.1, 𝑌𝑌OH decreases by at least one order of magnitude, which is an indication of extinction. A

decrease of OH at the onset of flame extinction has previously been observed in modeling extinction limits of
hydrogen spherical diffusion flames using detailed chemistry [37]. This behavior is observed independently of
the pressure considered. Note that some non-null values of radicals are observed for some extinction events.
This is attributed to the unsteadiness of the flame dynamics. The results presented in Fig. 20suggest that the
AEA-based Damköhler number 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 which has been derived from asymptotic analysis under the assumption
of single step chemistry can be effectively used in detailed chemistry applications and is a valuable metric to
identify flame weakening and extinction.

4.4. CEMA-based flame extinction criterion

The Chemical Explosive Mode Analysis (CEMA) has recently been developed and applied to diverse reacting
flow configurations: turbulent lifted hydrogen jet flames in hot co-flow [38], turbulent lifted ethylene jet
flames [20], perfectly stirred reactors, burner stabilized and free propagating premixed flames, and quasihomogeneous premixed mixtures of ethylene and n-heptane mixed with air [39]. CEMA is a sophisticated flame
diagnostic that provides information on the propensity of a reacting mixture to ignite when a detailed chemical
kinetic mechanism is available. CEMA is based on the analysis of the eigenmodes associated with
positive eigenvalues of the Jacobian of the chemical source terms.
Considering a reacting system governed by:

(11)

𝐷𝐷𝐲𝐲
𝐷𝐷𝐷𝐷

= 𝜔𝜔(𝐲𝐲) + 𝐬𝐬(𝐲𝐲),

where 𝜔𝜔 represents the chemical source terms; 𝐬𝐬 represents the non-chemical terms; and 𝐲𝐲 is the state vector
of the reactive mixture, for example species concentrations and temperature. A chemical explosive mode (CEM)
is an eigenmode of the chemical Jacobian, denoted 𝐉𝐉𝜔𝜔 , with its associated eigenvalue that has a positive real
part:

(12) Re�𝜆𝜆(𝐉𝐉𝜔𝜔 )� > 0.

The zero-crossing of the real part of the CEM has been shown to be correlated with limit flame phenomena, e.g.
extinction and ignition, and such flame features as premixed flame fronts [39]. Further details on CEMA are
provided in [20], [39] and references therein.
The inverse of the real part of an eigenvalue gives a characteristic time scale associated with a particular
chemical mode, 𝜏𝜏𝑖𝑖 = 1/∣ Re(𝜆𝜆𝑖𝑖 ) ∣. In CEMA, there is a Damköhler number defined with the CEM timescale and
relevant local mixing time. In the present study, the reciprocal scalar dissipation rate at the stoichiometric
condition as a characteristic mixing time scale is used to define a new Damköhler number, denoted 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 :

(13) 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = −

1⁄𝜒𝜒𝑠𝑠𝑠𝑠

1/Re(𝜆𝜆𝑒𝑒 )

=−

Re(𝜆𝜆𝑒𝑒 )
𝜒𝜒𝑠𝑠𝑠𝑠

.

This definition allows for negative and positive values of the Damköhler number. Note that when a CEM is not
present, 𝜆𝜆𝑒𝑒 denotes the eigenvalue of 𝐉𝐉𝜔𝜔 with the largest (least negative) real part. In such cases 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 > 0.
Otherwise 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 > 0. Since the magnitude 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 spans several orders of magnitude, the logarithm
of DaCEMA is used as a more convenient way of representation. Since 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 can be negative, its logarithmic
expression is modified as:

(14) log10 (𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) = −sign(Re(𝜆𝜆𝑒𝑒 ))log10 (max(1, ∣ Re(𝜆𝜆𝑒𝑒 ) ∣/𝜒𝜒𝑠𝑠𝑠𝑠 )).

This logarithmic representation of 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 is used in the following with a focus on the transition from
stable, log10 (𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) > 0, to critical, 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 1,log10 (𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) = 0 conditions.

The interpretation of 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 as expressed by Eq. (13) is described below and is further illustrated by Fig.
21. Figure 21 shows the typical S-curve of a PSR configuration showing the state of a chemical reactor as a
function of residence time. This curve may also be interpreted as the response of a diffusion flamelet as a
function of the inverse of the flame stretch (1/𝜒𝜒𝑠𝑠𝑠𝑠 ). The upper branch corresponds to the strongly burning
regime: when the residence time is very large, the combustion is chemically non-explosive (Re(𝜆𝜆𝑒𝑒 ) <
0) and 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 > 0. When the residence time is reduced, an explosive mode appears beyond which Re(𝜆𝜆𝑒𝑒 ) >
0 and 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 > 0. The explosive mode rapidly leads the system to critical conditions where 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 > 1 and
then to flame extinction. In the logarithmic formulation of Eq. (14), the transition to an explosive mode and the
transition to extinction conditions are lumped into a single condition: log10 (𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) = 0.

Fig. 21. Schematic illustration of the S-curve obtained in a PSR configuration with location of the different points
of transition for the CEMA-based flame extinction criterion. On the upper branch (part non-shaded), two special
points are presented. The first one corresponds to 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 0. This point marks the frontier between a
chemically non-explosive (𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 < 0) and a chemically explosive (𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 < 0) mixture. The second point
corresponds to the turning point of the S-curve, which in a PSR configuration corresponds to the location
where 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = −1. It corresponds to the point where the timescale of CEM balances that of mixing. Expected
values of 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 are also indicated in the plot, the shaded part corresponds to 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 < 1 or supercritical conditions.
CEMA was applied to the 1 atm simulation to extract 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶. Figure 22plots 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 along the stoichiometric
isocontour for some selected simulation times: 0.25 ms, 0.30 ms, 0.40 ms, and 0.65 ms. Results show the
presence of an explosive mode at several locations along the stoichiometric isocontour. An unstable region is
observed between 0.30 ms and past 0.65 ms in the flame segment located between 0 and 1 cm. The size of this
unstable region is rather narrow, not exceeding more than 3.5 mm in arclength. Stable conditions are observed
along most parts of the stoichiometric isocontour, with 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 greater than 200. In the unstable region, values
of 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 can be very low, typically around −1000. This indicates the propensity for local extinction, but still
with a characteristic chemical time scale more than two orders of magnitude shorter than the time scale
associated with mixing.

Fig. 22. Spatial variations of log10 (𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) as defined by Eq. (14) along the stoichiometric line at 0.25 ms,
0.305 ms, 0.405 ms, and 0.65 ms. Pressure is 1 atm. The plots are quantitatively similar to those presented
in Fig. 16. Values of 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 much larger than unity correspond to stable burning condition; log10 (𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) <
0 correspond to the presence of a chemical explosive mode and transition to extinction.

At 0.40 ms, Fig. 22 shows a well-defined location along the stoichiometric isocontour
where log10 (𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) crosses zero. This location of the flame corresponds to transitional critical conditions, i.e.
to conditions close to the neutral point and turning point in Fig. 21. We focus in the next section on a
comparison between the AEA and CEMA view points for transition to flame extinction.

4.5. Comparison between the AEA-based and CEMA-based Damköhler number

The descriptions of flame extinction have been discussed: AEA and CEMA. The AEA includes a full coupling
between the chemistry and transport but is limited to single-step chemistry. It was developed from large
activation energy asymptotic analysis in the context of a laminar counter-flow diffusion flame. In contrast, CEMA
applies to detailed chemical kinetic systems and to arbitrary combustion configurations but includes only an
approximate coupling between chemistry and transport: it is based on an analysis of the Jacobian of the
chemistry operator in the combustion equations, not an analysis of the full Jacobian with coupled chemistry and
transport. A comparison between AEA and CEMA is presented in this section.
Four flame weak points, corresponding to different parts of the flame contour were identified and tracked
(at P = 1 atm). The analysis uses the post-processing methodology discussed in Fig. 19. The time evolution
of 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 and 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 at the flame weak points are reported in Fig. 23(logarithmic scale). The plots present data
corresponding to sub-critical conditions (𝐷𝐷𝐷𝐷 > 1) and thereby allow a direct comparison of the time at which
transition to supercritical conditions (i.e. flame extinction, 𝐷𝐷𝐷𝐷 = 1) occurs. Note that the AEA theory has
questionable meaning beyond extinction, which also explains the limited comparison.

Fig. 23. Temporal evolution of the flame Damköhler number as given by AEA (𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 ) and CEMA (𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) at 4
flame weakpoints. Only the portions of the curves corresponding to sub-critical conditions (𝐷𝐷𝐷𝐷 > 1) are plotted:
this facilitates the identification of the times at which transition to super-critical conditions (𝐷𝐷𝐷𝐷 = 1) occurs.
The two diagnostics agree qualitatively well. While the values taken by 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 and 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 are significantly
different, both quantities are well correlated and predict similar periods of stable burning as well as similar
times for flame extinction. The critical times are compared in Fig. 24: this plot contains both critical times
corresponding to transitions from sub to super-critical (i.e. extinction) and times corresponding to transition
from super to sub-critical (i.e. re-ignition). The agreement between AEA and CEMA is excellent.

Fig. 24. AEA and CEMA estimates of critical times (𝐷𝐷𝐷𝐷 = 1) for the 4 flame weak points analyzed in Fig. 23. The
dashed line corresponds a perfect match.

Figure 25 re-plots the complete data set presented in Fig. 23 using a different perspective and provides a direct
evaluation of the correlation between 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 and 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 . For each segment, the arrows indicate the evolution
of time. In each plot, each dot corresponds to a different time realization. The time spacing between each
consecutive dots is constant and a large spacing between dots indicates a rapid temporal variation.

Fig. 25. Discrete temporal trajectories in the phase space (𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 ,𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) in logarithmic representation for each
of the four tracked flame segments presented in Fig. 23. The arrows indicate the time evolution. For each
segment, the white dot indicates the value of (𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 ,𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) at the beginning of the simulation. The phase
space (𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 ,𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) can be divided in four quadrants, depending on the sign of the logarithms. For a given
flame segment, each symbol corresponds to a unique time. Time spacing between two consecutive symbols is
constant and identical for each segment.

Each (𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 and 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) diagram can be divided into four quadrants centered on (𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 ,𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) = (1, 1). The
upper-right quadrant, denoted 1, corresponds to stable burning conditions. Flame conditions are initially located
in this quadrant and will also return to the quadrant after re-ignition.
The upper-left quadrant, denoted 2, corresponds to conflicting AEA and CEMA diagnostics where AEA predicts
normal burning while CEMA predicts extinction. This quadrant is occasionally populated in the DNS but the
corresponding events are transient between the first and third quadrants.
The lower-left quadrant, denoted 3, corresponds to super-critical conditions. Flame conditions in this quadrant
correspond to extinction events. Fairly low spacing between the plotted dots indicates that the trajectories tend
to remain in this quadrant for an appreciable amount of time. A notable feature of the flame extinction events is
that the transition from stable to unstable conditions appear to be very rapid. This transition occurs for 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴 ∈
[0.1,1] and 𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∈ [−1000,100].

Finally, the lower-right quadrant, denoted 4, corresponds to conflicting AEA and CEMA diagnostics where AEA
predicts extinction while CEMA predicts normal burning. This quadrant remains essentially empty in the DNS.
Overall the level of agreement between the AEA and CEMA Damköler numbers is good and results support the
validity of the simplified AEA theory, provided that the activation temperature used in Eq. (8) has been properly
calibrated.

5. Conclusion
Direct Numerical Simulations (DNS) of a temporally-evolving ethylene–air diffusion flame immersed in a
decaying turbulent flow field were performed for three different cases corresponding to different Damköler
number conditions. A modified viscosity and changing pressure (MVCP) scheme was adopted in order to provide
isolated control on the flame-flow coupling and the Damköler number conditions. Using MVCP, pressure was
changed from the baseline case of 1 atm to 0.1 and 10 atm. In the high pressure MVCP case, the simulated flame
is extinction-free, whereas in the low pressure MVCP case, the simulated flame exhibited frequent extinction
events and is close to global extinction.
The DNS are first analyzed using large activation energy asymptotic (AEA) theory and a Damköhler-numberbased flame extinction criterion. They are also analyzed using Chemical Explosive Mode Analysis (CEMA). AEA
includes a full coupling between chemistry and transport but is limited to single-step chemistry and
configurations that are similar to laminar counter-flow diffusion flames (i.e. configurations for which
the flamelet assumption applies). In contrast, CEMA applies to detailed chemical kinetic systems and to arbitrary
combustion configurations but includes only an approximate coupling between chemistry and transport. The
comparison between DNS, AEA, and CEMA is very good for transition to extinction events. It is also very good for
re-ignition events.
The results show that CEMA can be used to predict critical conditions in turbulent diffusion flames. They also
show that AEA can also be used to predict flame extinction, provided that the AEA-based Damköhler number is
carefully constructed using a calibrated effective activation temperature.
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